Nanocomposite films based on carbon nanotubes (CNTs)/ nickel (Ni)-species were fabricated by electrophoretic deposition (EPD) of CNT, followed by pulsed 
Introduction
First reported by Iijima [1] , carbon nanotubes (CNTs) have drawn considerable attention in material sciences. Multi-walled CNTs form three-dimensional networks and are frequently used as thin films in applications such as capacitors, actuators and displays [2] . Electrophoretic deposition (EPD) can be used to fabricate CNT into films with micrometer-scale thickness [3] . Thin films of CNTs are good candidates for high surface area support materials. In addition, the high electrical conductivity of multi-walled CNTs distinguishes them from other porous supports such as mesoporous silica and titania.
Nanocomposites of CNT and Ni species are promising for applications in capacitors [4] , hydrogen storage [5, 6] and hydrogenation catalysis [7] . In particular, CNT/NiO or CNT/Ni(OH) 2 nanocomposites show potential for applications in capacitors [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
Capacitors are energy storage devices that may be become a backup power source for hybrid vehicles. Compared with batteries, capacitors generally feature lower energy densities but greater cycling capacity [20] . Energy density is represented by 1/2CV 2 ,
where C is capacitance and V is voltage between the two electrodes [20] . Current challenges in capacitor development are the simultaneous achievement of high capacitance and voltage windows. Recently, metal oxides such as NiO [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , RuO 2 [21, 22] and MnO 2 [23] have received attention as promising materials for a type of pseudocapacitors. These pseudocapacitors use a redox reaction at the surface of the oxides for energy storage. The theoretical capacitances of NiO and Ni(OH) 2 are 2584 F/g and 2082 F/g within 0.5 V [14, 24] .
CNT/Ni-species (including Ni, NiO, Ni(OH) 2 ) nanocomposites may be effectively fabricated by electroless plating [4] [5] [6] [7] , electroplating [8, [10] [11] [12] 15, 25, 26] , impregnation [27, 28] and other processes [9, 16, 18] . Pulsed electrodeposition, in which the applied potential is oscillated at high frequencies during deposition of metals, is another strategy to fabricate nanostructured Ni [29, 30] . In this study, we carried out pulsed electrodeposition of Ni on CNTs and annealing in air to make a CNT/NiO x (OH) y nanocomposite. We investigated capacitive properties of the CNT/NiO x (OH) y by cyclic voltammetry (CV) and chronopotentiometry (CP).
Experimental
Commercially available multi-walled CNTs (FloTube 9000, prepared by a catalytic vapor deposition process) were purchased from CNano Technology Ltd (Santa Clara, US The samples were observed by a scanning electron microscope (SEM, SU-6600 by Hitachi High-Technologies Corporation, Japan) equipped with an energy-dispersive X-ray (EDX) spectrometer. X-ray photoelectron spectra (XPS) of the samples were also collected under vacuum (6.7 × 10 −8 Pa) using ESCA5800 (ULVAC-PHI, Inc., Chigasaki, Japan) with Al Kα radiation (hν = 1486.6 eV). X-ray diffraction (XRD) analyses were also conducted by using X'Pert Pro by PANalytical, operated under a glancing beam configuration (0.5°) with Cu radiation.
Cyclic voltammetry (CV) and chronopotentiometry (CP) were conducted using a potentiostat and charge-discharge tester, respectively. A typical three-electrode electrochemical cell with a Pt black counter electrode, a saturated calomel electrode (SCE) reference electrode and the CNTs/Ni sample were used as the working electrode.
The electrolyte was an aqueous KOH s solution (6 mol/L). CV was performed at 1, 10, 220D ). After the capacitance measurements, the composite layer (exposed to the electrolyte) were manually detached from SUS316 substrate and the mass of the electrode without the composite was measured. The difference between the mass values of the sample before and after the detaching was adopted as the real composite mass. EDX was used to know the elemental composition of the composite. Figure 1a shows a surface view of CNTs film (after EPD and before Ni electrodeposition). CNTs with average diameter of 13 nm formed a nanoporous network.
Results

SEM characterization
The thickness was approximately 1 µm, as estimated by optical microscopy. Figure 1b shows the CNT/Ni nanocomposite fabricated by pulsed electrodeposition at a low current density of 0.03 A/cm 2 . Spherical nanoparticles with a diameter of 50 ± 20 nm were deposited on to the CNTs at a current density of 0.03 A/cm 2 . Figure 1c shows the CNT/Ni nanocomposite fabricated by pulsed electrodeposition at a high maximum current density of 3 A/cm 2 . Small (diameter of 7 ± 4 nm, calculated by the SEM image analyses) nanoparticles were deposited on to the CNTs at the high current density of 3 A/cm 2 . EDX analyses showed the CNT/Ni contained approximately 35% by mass of Ni in the nanocomposites fabricated at both high and low current densities.
Previous studies of electrodeposited Ni nanoparticles on CNTs gave Ni particles with diameters larger than 15 nm [8, 10, 25, 26] . In this study, Ni deposits with diameters less 6 than 10 nm were achieved, using pulsed electrodeposition applied at a maximum current density of 3 A/cm 2 . This demonstrates that pulsed electrodeposition of Ni is effective for reducing the size of Ni deposits on CNT. Figure 2 shows the SEM images of the CNT/NiO x (OH) y nanocomposite fabricated by pulsed electrodeposition of Ni at 3 A/cm 2 and annealed in air at 523 K for 1 and 72 h.
Comparison of Fig. 2a with that of the sample before annealing (Fig. 1c) revealed that the size and distribution of the deposits on the CNTs were unchanged by the 1-h annealing step. The Ni deposits maintained a fine dispersion during the annealing, suggesting a high surface area was also preserved. However, the 72-h annealed sample ( suggesting that the Ni deposits are amorphous even after the annealing. Thus, unfortunately, the NiO/Ni(OH) 2 phase composition is unclear. Figure 3 shows the CV curves of the CNT/NiO x (OH) y nanocomposite fabricated by pulsed electrodeposition at 3 A/cm 2 and annealed in air at 523 K for 1 h. The CV curves featured clear redox peak pairs corresponding to the superficial Faradic reactions. The oxidation and reduction peaks were shifted to higher and lower potentials, respectively, with a midpoint potential of +0.16 V, as the scan rate increased. The symmetry of the CV curves suggested that the redox reactions were highly reversible, suggesting good potential for repeated cycling. The other samples fabricated under various conditions 7 also exhibited similar symmetric CV curves with redox peak pairs.
Electrochemical tests of capacitances
The specific capacitances (C) per mass of nanocomposite (approximately 0.5 mg) in each sample were determined from the CV curves using the following equation [14, 19] :
where m is the mass of nanocomposite, ΔV is the potential window, V i and V f are the starting and ending potentials in one cycle, respectively, I is the instantaneous current at a given potential and dV/dt is the scan rate. were deposited on the CNTs. CV measurements revealed that the specific capacitance per mass of composites was 275, 172, 167, 112 F/g at the scan rates of 10, 30, 50 and 100 mV/s, respectively. The capacitance was much lower than that of the samples fabricated by the pulsed electrodeposition (Fig. 4) . Thus, the advantage of the pulsed electrodeposition is the finer size of Ni deposits. Figure 5 shows galvanostatic discharge curves from different discharge currents from the CNT/NiO x (OH) y nanocomposite fabricated at 3 A/cm 2 and annealed in air at 523 K for 1 h. Higher discharge currents gave a shorter discharge time, consistent with previous results [13, 14, 16, 18] . From the discharge curves, the specific capacitances (C) per mass of nanocomposite were derived using the following equation [18] :
where I is the discharge current, ΔV is the potential window, Δt is the discharge time in the potential window and m is mass of the nanocomposite. The specific capacitances per mass of nanocomposites were calculated to be 676, 490, 364 F/g at discharge currents of 5.6, 27.8, 138.9 A/g, respectively. The capacitance was higher at smaller discharge currents, in accordance with previous results [17, 18, 20, 22] . The capacitances calculated from the CP results were of the same order of those calculated from CV results.
We also performed 20000-cycle CP tests at 138.9 A/g of nanocomposite fabricated at maximum current density of 3 A/cm 2 and annealed in air at 523 K for 1 h. The results are shown in Fig. 6 . The specific capacitance generally increased and stabilized after 10000 cycles, although the noticeable decrease and increase in the capacitance was observed at 8000 cycles (at this stage, the reason for the capacitance change at 8000 cycles are not understood). During subsequent cycles, the specific capacitance remained unchanged from the higher value. Charge/discharge curves (shown in the inset) revealed that the time for charge/discharge cycles became longer in the later cycles, owing to the increased capacitance (see Eq. (2)). This increase in capacitance could be explained by removal of contamination such as carbonaceous material and adsorbed gases on the CNT/Ni-species nanocomposites during the first 10000 charge/discharge cycles. These results demonstrated an excellent stability to repeated charge/discharge cycling of the CNT/Ni nanocomposites.
Discussion
As shown above, (T, t) = (523 K, 1 h) was the best annealing condition. In this section, we focus on the effect of annealing time on the oxidation state and activity of Ni species, because annealing at 573 K may damage CNTs and alter the electric properties of not only Ni species but CNTs.
Surface states of deposited Ni
The Faradic reactions of Ni species are described by the following equations [31] :
Ni(OH) 2 + OH − ↔ NiOOH + H 2 O + e − (4).
The equilibria between NiO and Ni(OH) 2 determines the electrochemical capacitance. Figure 7 gives the XPS of CNT/NiO x (OH) y nanocomposites fabricated by pulsed electrodeposition at 3 A/cm 2 before and after annealing in air at 523 K. Before annealing, the surface of nanocomposite contained a large proportion of Ni(OH) 2 (856.0 eV [32, 33] for Ni 2p 3/2 and 531.5 eV [34, 35] for O 1s) as well as a smaller proportion of metallic Ni (852.8 eV [36] ). This suggested that the majority of nanosized Ni deposits ( It is known that Ni(OH) 2 dehydrates at temperature greater than 523 K [23, 34] . Thus, in the CNT/Ni nanocomposite annealed at T < 473 K, the only active Ni species is likely to be Ni(OH) 2 , but when annealed at T ≥ 523 K, some NiO states may become electrochemically active.
Specific capacitance per mass of active Ni species
The surface area of the active materials is an important factor affecting specific capacitance. We did not directly measure the surface area in this study, but performed a relative comparison of the number and type (NiO and Ni(OH) 2 ) of active sites in the materials. The ratio of measured charge to the total theoretical charge of the active materials is the fraction of nickel sites, involved in the faradaic reaction, z, and can be estimated from the specific capacitance of the nanocomposite film by the following equation [19] ,
where ΔV is the potential window, 0.4 V in this study, M is the average molecular weight of active Ni species, F is the Faraday constant, and C Ni is the specific capacitance per mass of active Ni species (NiO and Ni(OH) 2 ) (F/g). C Ni was calculated based on the compositional information from EDX spectroscopy and XPS. Effect of surface oxidation states of Ni in Ni-based pseudocapacitors has been discussed in the previous studies [10, 12, 31] . Nam et al. [12] reported that NiO formation from Ni(OH) 2 by heating at 573 K is beneficial for stable pseudocapacitive behavior at high scan rates. However, they also reported that redox reaction of Ni(OH) 2 is responsible for the increased capacitance during repeated cyclic voltammetry. Wu and Hsieh [31] also showed that the surface area and electric conductivity of NiO was larger than that of Ni(OH) 2 . Thus the NiO formation due to dehydration of Ni(OH) 2 during the annealing is likely to increase in specific capacitance, although the detailed mechanism is still in debate. In this study, the sample with (T, t) = (523 K, 72 h) showed lower z values, despite featuring a higher NiO component at the surface compared with the sample with (T, t) = (523 K, 1 h) (Fig. 7) . This was definitely attributed to the coarsened texture of active Ni deposits through prolonged (72 h) annealing (Fig. 2b) . The reduced surface area of these Ni deposits resulted in deterioration of the specific capacitance.
Thus, the finely dispersed structure of Ni nanoparticles with sub-10 nm diameters, rather than oxidation state of Ni, critically determines the high capacitance of Ni-based pseudocapacitors.
We performed additional CV measurements at a scan rate of 1 mV/s to compare the specific capacitance of these materials with other supercapacitors composed of Ni species. Figure 9 shows the specific capacitance per mass of active Ni species (NiO and Ni(OH) 2 ) (C Ni , measured by CV) of the CNT/NiO x (OH) y nanocomposite fabricated at 3 A/cm 2 and annealed in air at 523 K for 1 h, together with previous data from the literature [10, 12, [13] [14] [15] . C Ni of capacitive electrodes generally decrease as the scan rate increases, as shown in Fig. 9 . C Ni of our CNT/Ni nanocomposites were higher than those of graphene oxide/NiO [13] and porous NiO [14] and comparable with those of other CNT/NiO x composites [10, 12, 15] . This comparison suggests that CNT are effective for fast electron transfer in the CNT/Ni nanocomposite electrode. Figure 10 shows C Ni (measured by CP) of the CNT/Ni nanocomposite fabricated at 3 A/cm 2 and annealed in air at 523 K for 1 h. The maximum C Ni was 1259 F/g at the a discharge current of 5.6 A/g, which is also comparable with C Ni measured by CP in the previous studies [13, 14, 16, 18, 24] .
Conclusions
In this study, CNT/NiO x (OH) y nanocomposite films were synthesized by EPD of CNTs, the pulsed electrodeposition of Ni, followed by annealing steps. The materials were tested as electrochemical capacitors. Small (7 nm) Ni nanoparticles were uniformly deposited on the CNT surfaces by EPD. After annealing in air at 523 K for 1 h, specific capacitance per mass of active Ni species were measured as high as 1451 F/g at a scan rate of 1 mV/s. SEM images and XPS analyses of the samples revealed that
NiO formation from dehydration of Ni(OH) 2 during annealing at 523 K was beneficial for the capacitance, but that long annealing times (72 h in this study) produced coarse, aggregated Ni deposits with decreased specific capacitance. In cyclic CP tests, the specific capacitance was maintained over 20,000 cycles at 138.9 A/g, which implied excellent durability. These results suggest that this porous structured CNT/NiO x (OH) y nanocomposite is a promising material for supercapacitors. 
